Abstract: Late embryogenesis abundant (LEA) proteins in organisms are closely associated with resistance to abiotic stresses. Here we characterized a rice LEA protein, OsLEA3-1, by bioinformatics analysis and heterologous expression in Escherichia coli. Bioinformatics analysis showed that OsLEA3-1 contains a 603-bp open reading frame encoding a putative polypeptide of 200 amino acids, which contains a "LEA 4" motif at positions 5-48 and belongs to a typical group 3 LEA. OsLEA3-1 polypeptide is rich in Ala, Lys, and Thr, but depleted in Cys, Pro, and Trp residues; and is strongly hydrophilic. Secondary structure prediction showed that OsLEA3-1 polypeptide contained an α-helical domain in positions 4-195 but not any β-sheet domain. OsLEA3-1 gene can express in shoot and root of germinating seeds, seedling, panicles, mature embryo, seed, and callus; and was also up-regulated by ultraviolet (UV), heat, cold, salt, and emergency drought. OsLEA3-1 gene was introduced into E. coli. A fusion protein of about 28.03 kDa was expressed in recombinant E. coli cells after the induction by isopropylthio-β-D-galactoside. Compared with control E. coli cells harbouring pET30a, the accumulation of the OsLEA3-1 fusion protein increased the tolerance of the E. coli recombinants under diverse abiotic stresses: high salinity, metal ions, hyperosmotic, heat, and UV radiation. The OsLEA3-1 has the ability to protect the lactate dehydrogenase activity under heating, drying, and MnCl2 treatment in vitro. The findings suggested that the OsLEA3-1 gene may contribute to the ability of adapting to stressful environments of plants.
Introduction
Diverse abiotic stresses, such as drought, high salinity, heat, chilling, heavy metal, and herbicides, lead to cellular water deficit and ion toxicity in all cells, and limits plant growth and development (Munns 2002; Gao et al. 2011) . Plants have developed different strategies to withstand such stress (Bray 1997; Zhu 2001; Agarwal et al. 2010) . The evolution of late embryogenesis abundant (LEA) proteins is one of these strategies. LEA proteins are closely associated with the tolerance of diverse stresses in organisms, which were initially identified in plants, where they were originally found in seeds (Baker et al. 1988; Dure et al. 1989; Hughes & Galau 1989) , and then in other plant tissues. Up to now, hundreds of LEA genes have been isolated from vascular and nonvascular plants, fungi, algae, and microbes, as well as invertebrates. The wide distribution of LEA genes shows their importance (Tunnacliffe & Wise 2007; Shih et al. 2012 ).
The LEA proteins cover a number of loosely related groups of proteins and belong to a multigene family, which is classified into 5-9 groups based on expression patterns, amino acid sequence and mRNA homology (Battaglia et al. 2008; Bies-Etheve et al. 2008 ). Many of the LEA class genes are up-regulated during seed maturation. LEA genes can be induced by physiological and environmental stresses (Wang et al. 2009 ). Many vegetative organs can also express distinctive LEA protein when treated by drought (Ingram & Bartels 1996) , high salinity (Chourey et al. 2003; Reddy et al. 2012) , abscisic acid (Finkelstein et al. 2002; Tunnacliffe & Wise 2007; Bies-Etheve et al. 2008) , cold (Thomashow 1999; Shimamura et al. 2006) , osmosis (Swire-Clark & Marcotte 1999) , and wounding (Rouse et al. 1996; Richard et al. 2000) .
Current in vitro data have provided support for the multifunctional activity of LEA proteins. Various functions have been proposed for LEA proteins, such as the repair of improperly folded proteins as a chap-626 T. Hu et al.
erone (Close 1996; Reddy et al. 2012) , the binding of metal ions (Dure 1992) , the stabilization of membrane structure, the increase of cellular mechanical strength through the generation of filaments (Dure 1992; Wise & Tunnacliffe 2004; Tolleter et al. 2007; Tunnacliffe & Wise 2007) , and transportation of nuclear targeted proteins during stress (Goday et al. 1994) . LEA proteins were also demonstrated to protect small unilamellar vesicles or cell membranes against desiccation (Babu et al. 2004; Tolleter et al. 2007) , and to prevent the protein aggregation and enzyme inactivation caused by desiccation, freeze-thaw or heat stresses (Goyal et al. 2005; Reyes et al. 2008) .
In this study, OsLEA3-1, the GenBank accession number U57641 (Chen & Chen, 1996) and the ID of Rice annotation LOC Os05g46480, was molecularly characterized and functionally analyzed. OsLEA3-1 was transformed into Escherichia coli DL21 (DE3). The effect of OsLEA3-1 on bacterial cell resistance to abiotic stresses, such as high salinity, metal ions, hyperosmotic, heat, and ultraviolet (UV) light was examined, and the protective effect of OsLEA3-1 protein on lactate dehydrogenase (LDH) was tested under heating, drying, and MnCl 2 treatment in vitro.
Material and methods

Experimental materials
The seeds of Oryza sativa cv. Zhonghua 11 were soaked in water at 28
• C for 2 days, and then hydroponically grown at 28
• C under natural conditions. Ten-day-old rice seedlings were treated by emergency drought (air-drying on filter paper) for 6 h.
PCR amplification of OsLEA3-1 cDNA Total RNA was extracted from the seedlings using Trizol reagent (Gibco-BRL, Grand Island, USA). One microgram of total RNA from each treatment was used for first-strand cDNA synthesis, the reverse transcription PCR were performed using oligo(dT)18 as 3' primer following the manufacturer's protocol. Based on the OsLEA3-1 cDNA sequence, a pair of primers OsLEA3-1 f (5'-CACCACAAAATGGCTTCCCACCAGGAC-3') and Os LEA3-1 r (5'-GTGATCCCTCGCCGTCGT-3') was designed. The CACCACAAA sequence was introduced to the 5'-end of forward primer OsLEA3-1 f. The first-strand cDNA was used as template. The PCR amplification product was cloned into pENTR/D-TOPO vector (Invitrogen, Carlsbad, USA) and sequenced.
In silico analysis of protein sequences The amino acid comparison, isoelectric point, molecular mass, grand average of hydropathy and instability index of deduced proteins were predicted using ProtParam (http://au.expasy.org/tools/protparam.html). Motif analysis was performed using the SMART (http://smart.emblheidelberg.de/). Secondary structure predictions were run with the DSSP, PSIPRED (http://www.ibi.vu.nl/ programs) (Kabsch & Sander 1983; Jones 1999) . The signal peptide, subcellular localization and hydropathy predictions were done with iPSORT WWW Service (http://ipsort.hgc. jp/) (Kyte & Dolittle 1982) . DNAMAN software was used for sequence identities and phylogenetic tree with the neighbour-joining method (Saitou & Nei 1987) . This expression status of OsLEA3-1 gene was found in EST databases (http://compbio.dfci.harvard.edu/tgi).
Construction of pET-OsLEA3-1 expression vector OsLEA3-1 coding region was PCR-amplified from pENTR/ D-TOPO-OsLEA3-1 vector using forward prime OsLEA3-1 f (5'-CTAGCCATGGCTTCCCACCAGGAC-3') and reverse primer OsLEA3-1 r (5'-CACCGAATTCGTGATCCC TCGCCGTCGT-3'); NcoI and EcoRI restriction enzyme sites are underlined in OsLEA3-1 f and OsLEA3-1 r, respectively. The amplified product was inserted between the NcoI and EcoRI sites of pET30a to obtain recombinant pETOsLEA3-1, which was transformed into applicable E. coli host strain BL21(DE3) and was identified by PCR, restriction enzyme analysis, and sequencing. The BL21 cell with pET-OsLEA3-1 plasmid was named as BL/pET-OsLEA3-1. The transformant of pET30a was used as a control and was nominated as BL/pET30a.
Expression, purification and SDS-PAGE analysis of OsLEA3-1 in E. coli Expression of OsLEA3-1 in E. coli BL21 was carried out according to the methods of Singh et al. (2009) with several modifications. E. coli BL-21(DE3) cells carrying pET30a (control) and pET-OsLEA3-1 construct were grown overnight at 37
• C in Luria-Bertani (LB) agar medium supplemented with kanamycin (50 µg/mL). After 16 h, the fresh LB agar medium was inoculated with 1% volume of the overnight culture and grown for 2-3 h at 37
• C until the OD600 reached 0.6-0.8. Isopropylthio-β-D-galactoside (IPTG) was added into cultures to a final concentration of 1 mM and grown at 37
• C for 4 h to induce the OsLEA3-1 gene expression. The cell culture was harvested by centrifugation at 13,000×g for 5 min and re-suspended in phosphate buffered saline (PBS) containing 1 mM phenylmethylsulfonyl fluoride, and then lysed by ultrasonic fragmentation. The lysate was centrifuged at 13,000×g for 10 min and the soluble fraction was collected. The OsLEA3-1 protein was purified using HiTrap TM chelating HP column containing 1 mL of Ni-IDA agarose resin (Amersham Biosciences) following the manufacturer's protocol. Protein concentration in crude extracts was determined following the Bradford method (Bradford 1976) .
The soluble fraction of cell culture and the purified OsLEA3-1 fusion protein were used to sodium dodecyl sulphate-polyacrylamide gel electropheresis (SDS-PAGE) analysis. The SDS-PAGE analysis was carried out following standard procedures. The samples were mixed with SDS-PAGE sample loading buffer (5×) and boiled for 10 min, and then the samples were fractionated on 12% SDS-PAGE. Finally, gels were stained with coomassie brilliant blue.
Assay for abiotic stress tolerance of E. coli transformants Stress tolerance assay of BL/pET30a and BL/pETOsLEA3-1 were analyzed. IPTG induction and cell cultures were prepared as described above. To measure growth kinetics of transformed E. coli strains under high salinity, metal ion, and hyperosmotic stresses conditions, 20-mL induced product were transferred to 80 mL stressed culture medium with 50 µg/mL kanamycin and 1 mM IPTG, containing additional 250, 500, 750, and 1000 mM of NaCl, KCl or CaCl2; 0.5, 1.0, 1.5, and 2.0 mM of CuSO4 or MnCl2; and 500, 1000, 1500, and 2000 mM of sorbitol; respectively. The samples were incubated at 37
• C at 250 rpm for 24 h and OD600 were measured every 3 h. For the assay of the thermophylactic experiments, the induced product was transferred to 50
• C. Aliquots (1 mL) were taken at different periods 20, 40, and 60 min, respectively, and then 100 µL of dilutions (1:5) was spread onto IPTG LB agar plates. To quantitate responses to UV radiation stress, 100-µL diluted 10-fold samples were plated on IPTG LB and directly exposed to UV radiation at a wave length of 254 nm (80 µW/cm 2 ) for 5, 10, and 15 min of time gradient, respectively. Simultaneously, 100 µL of the corresponding untreated samples was plated on unstressed LB agar plates as a control. After incubation, colonies were counted, and cell survivals were calculated. Cell viability was plotted as the percentage of colony-forming units on the stressed plates relative to the colony numbers of control plates (Guo et al. 2010 ).
Assay for the protective effect of the OsLEA3-1 protein on LDH activity In order to measure the protective effect of the OsLEA3-1 protein on LDH activity under diverse abiotic stresses, LDH from rabbit muscle (Sigma, USA) was used for the assay. Bovine serum albumin (BSA) or OsLEA3-1 were added to LDH at mass ratios of 1:1, 3:1, 10:1, and 20:1; water and stock solutions of PBS buffer were used as control. For the thermal inactivation assay, the enzyme mixture was incubated for 10 min at 50
• C. For the desiccation-induced inactivation assay, the enzyme mixture was dried at 25
• C in an air stream at 50% relative humidity for 24 h, and then rehydrated to the original volume with water. For metal ion induced inactivation assay, MnCl2 was added to the enzyme mixture to a final concentration of 200 mM.
To test the depression effect of Mn 2+ on the LDH activity and the protective effect of the OsLEA3-1 protein on LDH activity in different concentration of MnCl2 solution, 20 µg OsLEA3-1 or BSA were added to 2 µg LDH at mass ratios of 10:1 and the final concentration of MnCl2 were adjusted to 50, 100, and 200 mM, respectively. Both water and stock solutions of PBS buffer were used as control.
LDH activity was determined following the manufacturer's recommendations (NJBI, Nanjing, China). All samples were assayed in triplicate.
Results
Molecular characterization of OsLEA3-1
The OsLEA3-1 gene was isolated from O. sativa cv. "Zhonghua No. 11". The sequence analysis revealed that the complete open reading frame of OsLEA3-1 cDNA is 603 bp and encodes a putative polypeptide of 200 amino acids with a calculated molecular mass of 20.48 kDa and a theoretical pI of 5.89. The GRAVY value and the instability index were computed to be −1.036 and 24.07, respectively. The OsLEA3-1 polypeptide contains preponderance of Ala (23%), Lys (12.5%), and Thr (11%), but depleted in Cys, Pro, and Trp residues. Motif search analysis indicated that the OsLEA3-1 contains a "LEA 4" motif (PF02987, 3.20e-05) at positions 5-48, which is the typical of group 3 LEA proteins according to Battaglia's classification (Battaglia et al. 2008 ). The OsLEA3-1 protein was predicted to be cytoplasmic for the absence of N-terminal signal peptides and transmembrane domains. Kyte and Doolittle hydropathy plot showed that the OsLEA3-1 protein is strongly hydrophilic.
In order to reveal the relationship between OsLEA3-1 and other proteins of group 3, the phylogenetic relationship between related group 3 LEA proteins from different higher plants was analyzed. A rooted dendrogram was constructed with the neighbour-joining method. Group 3 was easily separated into two distinct subgroups 3A and 3B, which suggests that the evolution of group 3 proteins may come from various origins. Each subgroup was also easily separated into monocots class and dicots class. OsLEA3-1 belongs to groups 3A, which is closer to proteins from monocots than to those from dicots (Fig. 1) .
The amino acid sequence of OsLEA3-1 shares extensive homology with other members of group 3A from monocots. The sequence identities were computed as follows: maximum 58% with BiLEA1 (BAD22766, Bromus inermis), 56.02% with ACLEA3 (AEJ88291, Agropyron cristatum), 54.88% with HVA1 (ACH89910, Hordeum vulgare subsp. vulgare), 54.05% with mlg3 (NP 001105298, Zea mays), 48.85% with WSI18 (BAA05537, Oryza sativa), 46.50% with Wrab18 (BAF79927, Triticum aestivum) and PpLEA 3.1 (ADF36679, Pogonatherum paniceum), 45.63% with LEA3 (ACV91271, Sorghum bicolor), and minimum 36.50% with Lea3 (ACH69969, Agropyron mongolicum). Secondary structure prediction showed the most of the protein form α-helical domains and there is not any β-sheet domain among members of group 3 LEA proteins from higher plants. OsLEA3-1 polypeptide chain contained an α-helical domain in positions 4-195 but not any β-sheet domain.
This expression status of OsLEA3-1 gene was found in EST databases. OsLEA3-1 gene can express in shoot and root of germinating seeds, seedling, panicles, mature embryo, seed, and callus. The expression of OsLEA3-1 in panicles of full ripe stage and mature embryo were dramatically up-regulated. The expression of OsLEA3-1 gene was induced by UV, heat, cold, and salt. Semi-quantitative reverse transcription PCR analysis demonstrated that the OsLEA3-1 gene was also induced by emergency drought and 250 mM NaCl treatment for 1 h and reached their peak after 6 h (results no shown).
Expression and purification of OsLEA3-1 in recombinant E. coli The expression of OsLEA3-1 in E. coli DL21 and the purified OsLEA3-1 fusion protein were confirmed by SDS-PAGE. According to the construction of recombinant plasmid, the size of the proteins deduced from BL/pET-OsLEA3-1 cells should be about 28.03 kDa. The specific fusion protein band near the calculated molecular mass was clearly observed on gels containing BL/pET-OsLEA3-1 cell supernatant and purified OsLEA3-1 fusion protein, respectively, which suggested a novel polypeptide containing the OsLEA3-1 was expressed in pET-OsLEA3-1 transformed E. coli; and the OsLEA3-1 fusion protein was purified. But no exogenous OsLEA3-1 was detected in pET30a transformed E. coli under the same culture conditions.
The accumulation of OsLEA3-1 protein enhanced the resistance of E. coli to high-salinity, heavy metal ion, and hyperosmotic stresses The growth kinetics of transformant cells was tested. The cells were induced by IPTG and incubated for 24 h at 37
• C in normal conditions, and the growth kinetics of pET-OsLEA3-1 and pET30a transformant cells were compared. The results showed that there was no obvious difference in growth rate between the BL/pET-OsLEA3-1 strain and control strain BL/pET30a (Fig. 2) , indicating that both of them have an identical growth rate under non-stressed growth conditions, and the accumulation of OsLEA3-1 protein did not interfere with the growth of E. coli recombinants.
To determine the effect of the accumulation of OsLEA3-1 protein on growth of E. coli recombinants under ionic stresses, growth kinetics of the BL/pET30a and BL/pET-OsLEA3-1 cells were analyzed under high-salinity conditions. The results showed that the growth rate of BL/pET-OsLEA3-1 cell was higher than that of BL/pET30a cell under the different concentration of NaCl, KCl, and CaCl 2 , respectively. Although the growth of BL/pET30a was completely inhibited by 1000 mM NaCl or 1000 mM KCl, BL/pETOsLEA3-1 still may grow slowly under the same condition (Fig. 3a-c) . In addition, similar results were obtained for heavy metal ion and hyperosmotic stresses treatment; the growth rate of BL/pET-OsLEA3-1 cell was also higher than that of control cell under the different concentration of CuSO 4 , MnCl 2 , and sorbitol, respectively ( Fig. 3d-f) . The growth of BL/pET30a but not BL/pET-OsLEA3-1 could totally been inhibited with 2 mM CuSO 4 or 2 mM MnCl 2 (Fig. 3d  and 3e ). 2000-mM sorbitol could entirely inhibit the growth of BL/pET-OsLEA3-1 and BL/pET30a, and even cause their cellular degradation, but the degradation of BL/pET-OsLEA3-1 cell was more slowly than that of BL/pET30a cell (Fig. 3f) . The findings suggested that the accumulation of OsLEA3-1 protein in E. coli increased the resistance of E. coli to high-salinity, heavy metal ion, and hyperosmotic stresses.
The accumulation of OsLEA3-1 protein increased the cell viability under heat and UV radiation stresses The effect of recombinant OsLEA3-1 on cell survival was evaluated in cultures subjected to heat stress. Cultures with IPTG addition were transferred to 50
At various times after the temperature shift, cell viability was performed in diluted culture aliquots. As shown in Figures 4a and 4b , although survival ratio decreased rapidly in both cultures upon heat shock, BL/pET30a cells exhibited much worse cell viability compared with BL/pET-OsLEA3-1 cells. The survival ratios of BL/pET30a cells were 42.93%, 15.90%, and 0.54% after 20, 40, and 60 min, respectively; whereas the survival ratios of BL/pET-OsLEA3-1 cells were 96.66%, 65.72%, and 29.96%, respectively. The results described that E. coli cells producing the OsLEA3-1 were more tolerant to heat.
In order to investigate whether the accumulation of OsLEA3-1 could increase UV radiation stress tolerance of E. coli cells, the dilutions from induced cultures were plated and treated with UV for different time. The result of UV radiation experiments was similar to that of thermophylactic experiments. Although all suffered serious injury, BL/pET-OsLEA3-1 cells showed better survival than BL/pET30a cells ( Fig. 4c and 4d ). When exposed to UV for 5 min, the survival ratio of BL/pETOsLEA3-1 cells was greater than that of the control cells, which were 16.47% and 1.51%, respectively. After being exposed for 10 min, 0.36% of BL/pET-OsLEA3-1 and 0.03% of BL/pET30a were alive. After 15 min, only 0.20% of BL/pET-OsLEA3-1 cell was still alive, whereas without BL/pET30a cell survived. The finding showed that E. coli cells producing the OsLEA3-1 were more tolerant to UV radiation stress that control E. coli cells.
The OsLEA3-1 protein confers stabilization of the LDH under heating, drying and MnCl 2 treatment in vitro To determine the protective effect of OsLEA3-1 proteins on enzyme activity, the ability of OsLEA3-1 to prevent the loss of LDH activity was tested after heating, drying and MnCl 2 treatment, respectively. BSA, buffer and water were used as positive and negative controls, respectively. To examine the effect of OsLEA3-1 concentration as an LDH protective agent against high temperature damage, OsLEA3-1 or BSA were added to LDH at mass ratios of 1:1, 3:1, 10:1, and 20:1, respectively, and enzyme activity was assessed after incubation for 10 min at 50
• C. LDH activity was significantly impaired in the water and in PBS buffer solutions (Fig. 5a) . In sharp contrast, in the presence of OsLEA3-1 at a mass ratio 1:1, 3:1, 10:1, and 20:1, LDH activity was retained at 48.36%, 58.08%, 62.94%, and 45.83% of its initial activity after high temperature treatment, respectively. Both OsLEA3-1 and BSA are potent stabilizers of LDH during high temperature stress in a concentration dependent manner among the range from a 1:1 to 10:1 mass ratio. Both OsLEA3-1 and BSA had the highest protect ability when the mass ratio between OsLEA3-1 or BSA and LDH was 10:1. OsLEA3-1 was more efficient at preserving LDH against high temperature than BSA at a mass ratio 1:1 to 10:1 (Fig. 5a ). These data showed that OsLEA3-1 can safeguard against inactivation of LDH during high temperature stress.
Most enzymes may suffer marked inactivation when air-dried at room temperature, so the protective effect of the OsLEA3-1 protein on the LDH activity was evaluated after air-drying at 25
• C. LDH activity was significantly impaired upon rehydration after air-drying and almost completely abolished in the water and in buffer solutions (Fig. 5b) . However, the enzyme activity remained at 11.21%, 20.78%, 45.14%, and 48.97% in 1:1, 3:1, 10:1, and 20:1 mass ratio of OsLEA3-1 to LDH, respectively. The findings demonstrated that the OsLEA3-1 can protect LDH activity in a concentration dependent manner among the range from a 1:1 to 20:1 mass ratio.
Many metal ions can suppress LDH activity. For metal ion induced inactivation assay, MnCl 2 was used as LDH inhibitor. To test the depression effect of Mn OsLEA3-1 or BSA were added to LDH at mass ratios of 10:1, and 50, 100, and 200 mM MnCl 2 were supplemented, respectively. The results showed that the depression effect of Mn 2+ on LDH increased with the increase of the MnCl 2 concentration, whereas the protective effect of OsLEA3-1 and BSA on LDH activity decreased (Fig. 5c) . To examine the effect of OsLEA3-1 concentration as an LDH protective agent against metal ion damage, the final concentration of MnCl 2 was adjusted to 200 mM in the enzyme mixture, and OsLEA3-1 or BSA were added to LDH at mass ratios of 1:1, 3:1, 10:1, and 20:1, respectively. The protective effect of OsLEA3-1 was tested. LDH activity was badly impaired in the water and in buffer solutions; the activity of residual LDH were decreased to 7.35% and 9.16% or less, respectively. However, the activity of LDH reserved at 13.78%, 24.88%, 43.30%, and 64.74% in 1:1, 3:1, 10:1, and 20:1 mass ratio of OsLEA3-1 to LDH, respectively, which were higher than in BSA (Fig. 5d ). OsLEA3-1 is an LDH protective agent against metal ion damage in a concentration dependent manner among the range from a 1:1 to 20:1 mass ratio (Fig. 5d) . These data showed that OsLEA3-1 has the ability to protect LDH activity from inactivation during metal ion stress.
Discussion
Among the adverse environmental factors commonly encountered by land plants, abiotic stresses can limit plant growth and productivity. Higher plant adaptation to changing environment has many mechanisms involved at different levels, one of which is the LEA protein gene expression and regulation formed during long evolutionary history of natural selection and artificial selection (Liu et al. 2010a) . Functional analyses of LEA proteins have been performed both in vivo and in vitro. The LEA proteins seem to play important roles in induction and maintenance of a temporary deathdefying state named "anhydrobiosis" or "cryptobiosis" because they accumulate in response to the stress of water deficit (Shimizu et al. 2010) .
The growth of recombinant E. coli was not inhibited by OsLEA3-1 accumulation. Conversely, the accumulation of OsLEA3-1 in E. coli was important in maintaining cell viability under high salinity, metal ion, hyperosmotic, heat, and UV radiation stress conditions. So far, the exact biochemical mechanisms by which the OsLEA3-1 attenuate salt-, metal ion-, hyperosmotic-, heat-, and UV radiation-induced cell damage remain to be determined. In our study, the in vitro data showed that the OsLEA3-1 protein protected LDH against the inactivation induced by heating, drying, and MnCl 2 treatment. It was hypothesized that the OsLEA3-1 protein would play an important role in protecting the proteins and enzymes of E. coli cells in vivo under diverse abiotic stresses.
Recombinant E. coli producing the OsLEA3-1 protein exhibited enhanced tolerance against high salinity, hyperosmotic, and heat. This improved tolerance was manifested as better-maintained growth rate and cell survival ratio after stress 3f, 4a, 4b) . It is known that stressful environmental changes, such as drought, high salinity, and high temperature may cause the loss of intracellular water of plants, i.e., dehydration. A characteristic feature of anhydrobiotic organisms is their synthesis of high concentrations of nonreducing sugars during the induction of anhydrobiosis. However, non-reducing sugars alone are not sufficient to confer a state of anhydrobiosis. LEA proteins accumulate in response to water deficit in many plants (Browne et al. 2002) . LEA proteins may have a bipartite function under different water states. During drought, LEA proteins may establish a water shell and reduce ion strength. After desiccation, they may increase the bioglass strength and play the part of a water replacement to stabilize cellular components (Shih et al. 2008) . Non-reducing sugars and LEA proteins may act synergistically to promote the formation of a stable 'bioglass' in the cytoplasm of dehydrated tissue. The bioglass may trap fragile biological molecules in time and space, and preserve them from desiccation damage (Browne et al. 2002) . Macromolecular interaction studies revealed that the soybean GmPM11, GmPM6, and GmPM30 proteins interact with non-reducing sugars and phospholipids (Shih et al. 2012) . It has been proposed that induced structure formation of LEA proteins could lead to the formation of filaments or protein sheets that can effectively protect bio-molecules and membranes in situ during dehydration (Wise 2003; Wise & Tunnacliffe 2004; Nakayama et al. 2007 ). The LEA proteins adopted high amounts of disordered conformations in solution and underwent conformational changes under hydrophobic or dry conditions (Shih et al. 2012) . A group-3 LEA protein from Typha latifolia pollen in solution was highly unordered; the conformation was largely α-helical after fast drying. Slow drying reversibly led to both α-helical and intermolecular extended β-sheet structures. Sucrose glasses are stabilized in vitro by interaction with a purified group-3 LEA protein from Typha latifolia pollen. LEA proteins may play a role together with carbohydrates in the formation of a tight hydrogen bonding network in the dehydrating cytoplasm (Wolkers et al. 2001) . Beside the ion binding property, LEA proteins might serve as anchors in a tight molecular network to provide stability to macromolecular and cellular structures in the cytoplasm of anhydrobiotes in the dry state (Wolkers et al. 2001) . Two members of soybean LEA proteins, GmPM1 and GmPM28, showed a conformational change under hydrophobic or dry conditions. After drying, the two proteins showed slightly increased proportions of defined secondary structures (α-helix and β-sheet) (Shih et al. 2010) . LEA proteins can resist aggregation under extreme denaturing conditions. GmPM6 and GmPM30 could prevent the conformational shift to β-sheets of poly-L-lysine under slow drying. GmPM6 and GmPM30 may also act as molecular chaperones to affect the conformations of other proteins under slow drying (Shih et al. 2012) . The protective effect of OsLEA3-1 might be due to the maintenance of proteins in a functional conformation. It can be speculated that the OsLEA3-1 is one of the important components in cellular glasses and may retain water molecules and prevent crystallization of cellular components, stabilize proteins and plasma membranes during dehydration.
The in vitro data showed that the OsLEA3-1 protein protected LDH against the inactivation induced by MnCl 2 . The experimental results also showed that the accumulation of OsLEA3-1 protein in E. coli increased the resistance of E. coli to CuSO 4 and MnCl 2 , which suggested that the OsLEA3-1 conferred recombinant E. coli viability under heavy metal ion stress. The increase in concentration of heavy metal ions has potentially damaging effects on macromolecular structure and function. Because LEA proteins contain many charged amino acid residues, it has been proposed that LEA proteins might act to sequester ions (Close 1996; Danyluk et al. 1998) . The affinity for divalent metal ions could be exploited as part of a purification protocol for recombinant Arabidopsis thaliana LEA proteins (Svensson et al. 2000) . The native LEA proteins from several plant species were purified with a Cu 2+ -chromatography step (Herzer et al. 2003) . The binding of metal ions by LEA proteins might be linked to the antioxidant properties reported for the citrus Cu-COR19 protein, which protected liposomes from peroxidation in transgenic tobacco seedlings (Hara et al. 2003) . It can be speculated that OsLEA3-1 maybe sequester metal ions to protect macromolecular structure and function.
Experimental result corroborated that OsLEA3-1 is important in maintaining BL/pET-OsLEA3-1 cell survival during UV light stress. UV radiation might produce harmful thymine dimer and reactive oxygen species (ROS). The thymine dimers might obstruct DNA replication and protein synthesis, and ROS can be damaging to mitochondrial and nucleic acid (Apel & Hirt 2004) . The studies have confirmed that AtLEA5 confers oxidative stress tolerance to yeast under H 2 O 2 stress condition and Tamarix LEA gene has additional tolerance to UV radiation in Saccharomyces cerevisiae (Mowla et al. 2006; Wang et al. 2008) . The up-regulation of PjLEA3 under H 2 O 2 -induced oxidative stress indicated that PjLEA3 probably could impart stress tolerance through the removal of ROS (George et al. 2009 ). It is speculated that the OsLEA3-1probably protects cellular components against ROSinduced damage and even plays an additional role in repair mechanisms in eliminating the thymine dimer.
The stress tolerance of some LEA proteins has been studied using E. coli system (Dalal et al. 2009; Singh et al. 2009; Liu et al. 2010a,b; Reddy et al. 2012) . Based on the results of protective functional similarity of LEA proteins in bacteria and plant cells (Dalal et al. 2009; Liu et al. 2010b; Park et al. 2011) , it is reasonable to speculate that the protective mechanisms might be similar in both prokaryotes and eukaryotes under stress conditions. The studies confirmed the OsLEA3-1 gene is important in conferring tolerance to a wide range of environmental stresses, such as salt, heavy metal ion, hyperosmotic, heat, and UV radiation, which suggested that the OsLEA3-1 gene may contribute to the ability of adapting to stressful environments of plants. The study offers valuable information for the genetic engineering of plants to cope with those varying circumstances.
